SUMMARY AND CONCLUSIONS I. Monkeys were trained to I) hold a handle in a central zone midway between "push" and "pull" while awaiting 2) an instruction telling them how to respond to a subsequent 3) perturbation, which triggered the instructed movement and was followed by4) a reward if the movement was correct.
INTRODUCTION
Studies in man have shown that intention or set can profoundly modify even short-latency motor responses to kinesthetic inputs. Hammond (4) found that a 50-ms latency biceps response to an arm displacement involving biceps stretch was present or absent, depending on whether subjects had been instructed to "resist" or to "let go" in response to the displacement. Subsequent experiments by Hagbarth (3) confirmed Hammond's observations with respect to the 50-ms latency component of muscu--I lar activity and, in addition, showed that even the tendon jerk, occurring at a latency of 20-30 ms, varied with the intention of the subject. Hagbarth's results, obtained with recordings from the triceps muscle, showed that the amplitude of the extensor stretch reflex changed in the "appropriate" way according to the instructions given: its amplitude was greater when the subject intended to extend than when he intended to flex. Hagbarth pointed out that this "presetting" of the stretch reflex occurred without visible changes in muscle tension or background EMG, and proposed that it might depend on centrifugal control of dynamic spindle function in muscle. The present experiments in monkeys were undertaken to determine the extent to which activity of neurons in sensorimotor cortex might change in association with such modifications of input-output relations depending on the direction of an intended movement. In these experiments with monkeys, just as in the experiments with man, there were no muscular responses to the instructions per se; a perturbation of the limb delivered a few seconds after an instruction was the trigger which elicited the actual motor response. The instruction told the subject how to move, whereas the trigger told the subject when to move. The period after the instruction but before the trigger was one in which the central set for the intended movement was being established but was not yet expressed in overt action. The results to be presented in this report will show that neurons in sensorimotor cortex exhibit directionally specific changes of activity during this preparatory period prior to overt muscular activity.
METHODS

Behavioral procedures
Operant conditioning methods were used to establish a pattern of behavior involving: TORQUE MOTOR HOLD ZONE FIG. 1. The output of a potentiometer coupled to the shaft of a torque motor was led to four comparators whose outputs defined three zones. Two comparators set to detect t5" around center defined the 10" hold zone. A third comparator set to detect displacement of 15" or more toward the monkey defined the pull zone, and a fourth comparator set to detect a displacement of 15" or more away from the monkey defined the push zone. Push and pull responses were defined as movements of the handle into the push or pull zones following occurrence of the perturbation.
After a holding period which varied unpredictably from 2 to 5 s, a red or a green lamp came on. Red was an instruction to pull when the handle was subsequently perturbed, and green was an instruction to push when the handle was subsequently perturbed. Movement of the handle out of the holding zone prior to the perturbation led to termination of the trial without reward. This meant that the 2-to 5-s holding period had to be repeated before a new instruction would be delivered.
Push and pull instructions were varied according to a predetermined pseudorandom order.
PERTURBATION.
The handle perturbation serving to trigger the movement specified by the prior instruction was produced by a brushless DC torque motor (Aeroflex TQ34-1). Torques of 60 ounce-inches were delivered by the motor, and the 6-inch rod coupling the motor shaft to the handle grasped by the monkey resulted in an effective force of 10 ounces at the monkey's hand. The torque motor was driven by an operational power supply (Aeroflex AM2OOA). The lag between the application of a step to the input of the power supply and the rise of torque motor output (as detected by a strain gauge) was 4 ms. Once initiated, the torque output from the motor continued until the response (whether correct or incorrect) had been completed. Response completion was defined as entrance of the handle into either the push or the pull zones illustrated in Fig. 1 . REWARD. When the zone specified by the prior instruction was entered following the perturbation, a reward (fruit juice or fruit puree) was delivered. An incorrect response did not lead to reward. In either case, a new cycle of behavior now began, with a return to the holding position of the Preinstruction holding step given above.
Data recording
A stainless steel cylinder allowing microelectrode recordings in a 16-mm-diameter area was attached to the skull over the sensorimotor cortex arm area with its center at Horsley-Clarke coordinates AlO, L17. The dura was left intact. Stimulating electrodes were placed in the medullary pyramid to allow identification of pyramidal tract neurons (PTNs) by antidromic activation. The chamber for microelectrode recording and the electrodes for stimulation of the medullary pyramid were located contralateral to the hand which the monkey used in performing the task. Glass-insulated platinum-iridium electrodes were used for recording extracellular unit activity. Details of these procedures have been described previously (1). Unit activity, EMG, outputs of force and position transducers, and signals corresponding to instructions, perturbations, responses, and rewards were recorded on magnetic tape.
Response detection
A PDP-12 computer was used to detect poststimulus changes in neural discharge frequency and to compute the latency of these changes with respect to a stimulus. The raw data (pulses corresponding to individual unit discharges) for this analysis were stored in 500 consecutive computer memory addresses. Each address contained the number of spikes occurring in a period summed over a number of trials, and corresponded to one bin of a 500-bin peristimulus histogram, with the stimulus at the center. For the 2-s peristimulus window used in this paper, bin width was 4 ms, whereas in the next paper the l-s window gave a resolution of 2 ms.
The response detection procedure consisted of three steps: I) setting the criteria for significance of changes in discharge frequency, 2) scanning the data and testing it against these criteria, 3) displaying the results of the scan.
A poststimulus neural response (NR) at a given level of significance was defined as either an increase or decrease in spike frequency (i.e., a spike sum for a fixed time period) relative to the period prior to the stimulus. On the basis of this control period, four pairs of integers were computed corresponding to eight fractile levels (0.0001, 0.001, 0.01, 0.05, 0.99, 0.999, 0.9999, 0.99999) of the control distribution. The data are then scanned to find deviations corresponding to crossing of these levels. Numerical results of the scan were photographed from the computer oscilloscope.
For both this paper and the next, the occurrence of NR depended on a deviation at the P c 0.001 level for both increased and decreased activity. When a response had occurred, the latency of response onset was taken as the time when the P < 0.01 level was crossed, and the latency of response termination was taken as the point at which deviance fell back below the P < 0.01 level.
Analyses of the responses to the instruction in this report and to the perturbation in the next report were based on data obtained for 25 trials for each of the two instructions for each neuron. The pull and push instructions were interspersed, but were separated for display and analysis. The program, developed by W. Vaughn, W. SherriB, and E. Evarts, together with a description of display, statistical, and analytical procedures, is available from the DECUS Library of the Digital Equipment Corporation.
RESULTS
Observations obtained for all neurons
The data presented in this paper will deal with neuronal responses to the presentation of the instruction. Responses of 445 neurons were studied in three monkeys. Of these 445 neurons, 259 were precentral and 186 were postcentral. Of the precentral neurons, 122 were activated antidromically by electrical stimulation of the medullary pyramid and were classified as pyramidal tract neurons (PTNs). Figure 2 shows a motor cortex PTN response to the pull as compared to the push instruction. Two sorts of displays are presented in this figure: rasters show the raw data for 25 individual trials, with the instruction occurring at the center of the raster, and histograms represent summation of data in the rasters. For the PTN represented in Fig. 2 , inspection of the rasters shows that the pull instruction caused an increase and the push instruction caused a decrease in discharge frequency. The increase of discharge frequency following the pull instruction reached the 0.01 level of statistical significance at 280 ms, the 0.001 level at 3 12 ms, the 0.0001 level at 324 ms, and the 0.00001 level at 392 ms. The criterion of response adopted in this study was the 0.001 level, and the latency of the response was taken as the time at which this level was attained. Thus, the response latency for the increase of activity in this unit was taken as 3 12 ms. Results on response latencies for the entire sample of neurons are shown in Table 1 . It is apparent that most responses occurred in the interval between 200 and 500 ms after delivery of the instruction:
Effects of the instruction were most common in precentral PTNs and least common in postcentral neurons, with precentral nonpyramidal tract neurons (NPTs) being intermediate: responses to instructions were detected for 75% of PTNs but only 23% of postcentral neurons, with 65% of precentral NPTs showing responses.
Each neuron was examined in relation to each of the instructions (push and pull), and in a number of cases the responses to the two instructions differed. Differences were of two types: a) presence versus absence (i.e., response for one instruction and no response for the other), b) increase versus decrease (i.e., a decrease of activity for one instruction and an increase for the other). Units showing either of these differences were classified as having differential responses to the different instructions. Other sorts of differences, including differences in response magnitude and latency, were also observed. Though such differences are undoubtedly of physiological significance, it was felt that it would not be useful to describe these facets in any detail at this early stage of understanding of the phenomenon under study. Figure 3 presents data on differential responses to the instructions in precentral PTNs and postcentral neurons: 61% of PTNs but only 11% of postcentral neurons exhibited differential responses of the two instructions. Figure 4 shows the effect of the instruction on neuronal discharge frequency for all neurons, 
FIG. 2.
Discharge of a pyramidal tract neuron for 1 s before and 1 s after the appearance of the red signal (pull) and the green signal (push). The activity of this PTN is displayed in two different formats. At the top are histograms with bins representing summation of activity in successive 40-ms periods. Below are rasters where each row is a trial, with dots representing individual single-unit discharges. Details of this analysis are described in the text. without reference to the statistical criteria used push instruction and decreased discharge followto define occurrence of response. As in the case ing the pull instruction. If the monkey makes the of the other analyses, the instruction effect was wrong response to the perturbation, will the cell most marked for precentral PTNs and least have shown the "wrong" response to the prior marked in postcentral neurons.
instruction? An instance of such an occurrence is shown in Fig. 5 . Normally this cell became more active for the push instruction and less active for the pull instruction. For one trial with the pull instruction, however, the cell failed to become less active but instead became more active. On this occasion, when the cell responded to the pull instruction as if it had been a push instruction, the following perturbation elicited the wrong movement. Thus, the response of the cell to the instruction reliably predicted the subsequent motor response.
Correlation of instruction effect on neuronal discharge and subsequent motor performance
Monkeys rarely made errors, but those instances in which mistakes did occur provided information concerning the extent to which a cell's "correct" response to the instruction is a necessary precondition for the monkey's correct motor response. Consider the case of a neuron which exhibits increased discharge following the The response latency for each neuron which showed a statistically significant response to the instruction is tabulated here. In each column are listed the numbers of neurons having latencies (in milliseconds) corresponding to each of the column headings. It is apparentthat for all three groups of neurons, the bulk of responsiveness occurred in the period between 200 and 500 ms. The numbers in parentheses indicate the number of PTNs, non-PTNs, and postcentral units from which the samples of responsive neurons were drawn. In cases where the same neuron showed two responses (one for each instruction), the earlier of the two latencies was tabulated. In order to determine the time required by monkeys to "get set," short intervals n 122 was statistically defined in terms of deviance criteria based on preinstruction discharge frequency. In the present figure the statistical deviance criteria were not used. Instead, this figure shows neuronal discharge frequency changes as determined by comparing discharge frequency during the 500 ms prior to the instruction with discharge frequency during the 500 ms prior to the perturbation. Units were classified according to whether the change of discharge frequency was less than 5 impulses/s (C 5), between 5 and 10 impulses/s (5-lo), or greater than 10 impulses/s (MO). The numbers above each bar are percentage figures. In this analysis, as in the analysis of Fig. 3 , the changes of discharge frequency in postcentral neurons were less marked than in precentral neurons. Thus, 45% of precentral PTNs (PT) and 47% of precentral non-PTNs (NPT) showed changes of more than 10 impulses/s, but only 17% of postcentral neurons (post) showed such changes. In Fig. 3 , the response to the instruction were occasionally inserted between instruction and perturbation in a series of otherwise normal trials. For these short intervals, the perturbation arrived (calling fora push or pull response) in a period when the monkey was unprepared. The delivery of the perturbation within 300 ms or less after the instruction, before the effect of the instruction became manifest in motor cortex neuron discharge, was associated with a grossly impaired motor response. Thus, when neither type of set discharge had been allowed to occur, the following movement was delayed in onset and/or incorrect in direction.
Lack of effects of instructions on steady-state muscle discharge
Since many of the neurons showing c.hanges of disc.harge frequency in response to the instruction were PTNs (whose axons excite spinal cord motoneurons and interneurons), it seemed worthwhile to determine whether instructions might evoke EMG changes prior to the perturbation. EMG changes in advance of the perturbation were looked for using procedures comparable to those used for detecting changes of unit activity (see Fig. 2 ). In analyses of muscle activity, the EMG discharge was rectified and integrated, and the integrator was reset each time it reached a certain threshold. Pulses occurring with each reset of the integrator were displayed to create an EMG raster. Analyses of activity from many different muscles failed to reveal EMG responses to the instructions per se. Thus, the period intervening between instruction and perturbation was one in which motor cortex activity was changing without a corresponding change of muscular activity.
DISCUSSION
An instruction as to a forthcoming movement leads to anticipatory activity in motor cortex neurons, even though the monkey withholds any muscular response while awaiting a "trigger," which signals when the movement is to be performed. These instruction-related changes in motor cortex activity persist (for several seconds in the present experiment) while the monkey awaits the trigger.
There are a number of features in common between these observations on single-unit discharge in monkey motor cortex and observations obtained by other investigators on slow potentials recorded by means of scalp elec.trodes in man. These slow potentials include the readiness potential (Bereitschaftpotential) of Kornhuber and Deecke (6) and the contingent negative variation (CNV) or expectancy wave of Walter et al. (12, 13) , potentials which occur in PUSH PUSH PULL PULL FIG. 5 . Relationship between the neuronal response to an instruction and the occurrence of an error of performance. Neuronal activity is shown for five trials. Corresponding to each trial there is a set of three traces: the solid black line in the top trace indicates the onset of the instruction. The middle trace in each group of three shows PTN discharge, and the bottom trace is the potentiometer output. In the upper two sets of traces, the instruction was push and shortly following the push instruction (but before the perturbation) there was an increase in neuronal discharge frequency. For the uppermost push trial the perturbation was in the same direction as the required response, whereas in the next push trial the perturbation was in the opposite direction. In both cases the monkey made the correct response, moving the handle into the push zone. Pushing is indicated by an upward deflection of the potentiometer trace. For the two sets of traces marked pull, the opposite instruction was given and a reduction of neuronal discharge followed the instruction. Thus, pull responses were preceded by a decrease of neuronal discharge frequency and push responses were preceded by an increase. In the bottom trace (marked error), the instruction was pull but the activity of the neuron increased instead of decreasing. The response of the monkey to the perturbation on this trial was pushing, which was incorrect, rather than pulling, which had been called for by the pull instruction.
the period prior to voluntary movement. The c.hanges'of unit activity seen in the present experiments differ depending on what movement will be performed.
It is difficult, from the very nature of the CNV or readiness potentials, for these potentials to exhibit differences depending on the details of the impending movement. Thus, these slow potentials, which precede movement by 1 or more seconds, have sometimes been thought to be related to arousal, expectancy, or attention preceding movement without being related to the details of impending muscular contraction. When examined at the level of single neurons, however, motor cortex activity during several seconds of "intention" prior to muscular contraction is seen to be related to particular aspects of the impending movement.
Actually, the recent study of Kutas and Donchin (8) on readiness potentials showed that these potentials are indeed associated with specific aspects of movement, the amplitude and distribution of the potentials c.orrelating with which hand the subject uses and with what force the movement is made. Another line of evidence relevant to this issue is provided by studies of H-reflexes in man prior to volun_tary movement.
Studies of a number of investigators indicate that during the period prior to voluntary movement the agonist exhibits both increased motoneuronal excitability (Hreflex) and increased muscle spindle sensitivity (due to increased fusimotor drive). Gurfinkel et al. (2) and Kots (8) have analyzed the H-reflex prior to voluntary movement in man, and find that the excitability of motoneurons of the future agonist muscle rises prior to the EM G activity of voluntary movement. Paillard (10) demonstrated a corresponding effect on the tendon jerk prior to voluntary movement. Views as to the relative roles of descending influences on alpha moto-
